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MembraneMolecular mobility in membranes of intracellular organelles is poorly understood, due to the lack of
experimental tools applicable for a great diversity of shapes and sizes such organelles can acquire.
Determinations of diffusion within the plasma membrane or cytosol are based mostly on the assumption of
an inﬁnite ﬂat space, not valid for curved membranes of smaller organelles. Here we extend the application
of FRAP to mitochondria of living cells by application of numerical analysis to data collected from a small
region inside a single organelle. The spatiotemporal pattern of light pulses generated by the laser scanning
microscope during the measurement is reconstructed in silico and consequently the values of diffusion
parameters best suited to the particular organelle are found. The mobility of the outer membrane proteins
hFis and Tom7, as well as oxidative phosphorylation complexes COX and F1F0 ATPase located in the inner
membrane is analyzed in detail. Several alternative models of diffusivity applied to these proteins provide
insight into the mechanisms determining the rate of motion in each of the membranes. Tom7 and hFis move
along the mitochondrial axis in the outer membrane with similar diffusion coefﬁcients (D=0.7 μm2/s and
0.6 μm2/s respectively) and equal immobile fraction (7%). The notably slower motion of the inner membrane
proteins is best represented by a dual-component model with approximately equal partitioning of the
fractions (F1F0 ATPase: 0.4 μm2/s and 0.0005 μm2/s; COX: 0.3 μm2/s and 0.007 μm2/s). The mobility patterns
speciﬁc for the membranes of this organelle are unambiguously distinguishable from those of the plasma
membrane or artiﬁcial lipid environments: The parameters of mitochondrial proteins indicate a distinct set
of factors responsible for their diffusion characteristics.r photobleaching; IM, inner
xidase; EGFP, enhanced green
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Mitochondria contain two closely apposing membranes, the outer
and the inner membrane (OM and IM respectively), the latter one
having numerous invaginations referred to as cristae. Under physi-
ological conditions, in the majority of tissues mitochondria are highly
elongated organelles, with radii ranging from 100 to 1000 nm and
lengths of several micrometers and more [1]. Two types of mobility
seem to be indispensible for the correct functioning of mitochondria.
Long-term dynamics is represented by permanent fusion, ﬁssion and
branching of the organelles. It insures that mitochondrial content ismixed throughout the whole chondriome of a cell within a few hours
[2,3] and is related to emergence of the characteristic heterogeneity of
mitochondrial network on the cell-wide scale [1]. Short-term
dynamics is represented by a much quicker molecular motion (due
to diffusion) inside a single mitochondrion. Since mitochondrial
length by far exceeds its radius, diffusion along themitochondrial long
axis is expected to represent an important parameter reﬂecting
molecular mobility within the membranes and the matrix. The ability
of the key components of the mitochondrial biochemical pathways to
equilibrate the concentrations over the organelle is directly governed
by their mobility in this direction. Thus, a reliable determination of
diffusion rates of mitochondrial proteins is crucial for correct
understanding of the organelle's functionality.
Diffusion coefﬁcient is a cumulative parameter depending on
viscosity, geometry and chemical composition ofmembranes and thus
should be expected to differ between cellular compartments as well as
between the outer and innermembranes of mitochondria themselves.
Besides, the diffusivity in each of the membranes may depend on
interactions speciﬁc for the particular protein species.
Molecular diffusion was studied extensively in various cellular
environments, including plasma membrane, cytosol, nucleus, endo-
plasmic reticulum, thylakoid membrane, as well as in artiﬁcial lipid
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One of the methods most widely employed is Fluorescence Recovery
after Photobleaching (FRAP) [11]. It uses a short but intense laser
pulse to bleach the ﬂuorophore in a small volume inside the object
and records recovery of the ﬂuorescence resulting from the
subsequent inﬂux of non-destroyed ﬂuorophore particles into the
observation volume. In many cases, when the space available for the
particles to diffuse is much larger than the bleached volume and for
some simple shapes of the volume, the diffusion coefﬁcient may be
determined from the speed of the recovery using uncomplicated
mathematical formulae [12]. In more demanding circumstances,
analysis of FRAP data has to be augmented in order to account for
geometry of the space or the characteristics of the measurement
equipment [10,13–16]. Additional difﬁculties originate from internal
complexity of the environment under investigation and are especially
pertinent to live cell experiments. High protein concentrations,
presence of lipid rafts or binding reactions with other protein species
and relatively immobile cellular components are expected to modify
the diffusion coefﬁcients, but the extent of these inﬂuences cannot be
quantiﬁed in a straightforward manner [17–23].
Within the plasma membrane, long-term protein diffusion was
found to be 50-500 times slower than in artiﬁcial lipid bilayers of
comparable composition [5,24]. The discovery of structural compart-
mentation of the plasma membrane has led to the concept of
cytoskeleton-anchored transmembrane protein assemblies as the
major factor slowing down the mobility of membrane-embedded
proteins [24,25]. Unlike the studies of the plasma membrane,
understanding of molecular mobility in membranes of small intra-
cellular organelles is remarkably scarce due to the lack of reliable
experimental data. FRAP procedures used for the plasma membrane
and other cell-wide structures cannot be applied to studies of
diffusion in mitochondria because the dimensions of the bleached
volume come close to the typical length of the organelles. The great
diversity of sizes and orientations mitochondria can acquire even
within a single cell implies a single-organelle approach with a very
small, spot-limited observation region. Because for the complicated
shape and topology of mitochondria or other small cellular organelles
the standard assumption of unrestricted diffusion in an inﬁnite ﬂat
space is no longer valid, the closed-form relations used in the cell-
wide FRAP [12] are not applicable and a reﬁned analysis of the
measurement data records is indispensable.
In the current study we introduce single-organelle FRAP as a
method of choice for studying protein mobility within the both outer
and inner membranes of mitochondria and report ﬁrst quantitative
results on the axial diffusion of integral membrane proteins in the
intact organelles of living cells. The considerable differences between
diffusivities of proteins located in the two membranes designate
dissimilar mobility patterns, shaped by a combination of diverse
environmental and protein-speciﬁc factors. On the other hand, on the
basis of diffusion coefﬁcients, mitochondrial membranes are clearly
distinguishable from other bilayers.
2. Material and methods
2.1. Acquisition of FRAP data
FRAP measurements were carried out with a LSM 510 microscope
(Carl Zeiss AG, Germany) using Zeiss 63x NA 1.4 oil apochromat
objective lens. In the experiments involving GFP constructs, the
488 nm line of the Argon ion laser was selected for recovery
illumination and combined 488 nm and 458 nm lines for bleaching.
In the detection path a 505-530 nm band-pass ﬁlter was used to
eliminate excitation light and autoﬂuorescence. Recovery of Cox8a-
mCherry ﬂuorescence was recorded using band-pass 600-650 nm
ﬁlter; excitation was performed with 543 nm line of HeNe laser.
During the bleaching phase the latter laser was used together with thesemiconductor laser (405 nm) of the LSM 510. In all cases, during the
recovery phase the excitation intensity at the focal plane was reduced
to b0.003 of the bleaching intensity. In order to conform to the
requirements of the data processing algorithm, moderate length
mitochondria (2.5 μm to 15 μm) were selected for all experiments.
The measurements were performed in a temperature-controlled
environment at 37 °C using “The Cube” (Life Imaging Cervices,
Switzerland) temperature control system. The detection pinhole
was kept fully open to maximize light efﬁciency. Mitochondria
located in the peripheral parts of well spread cells were selected for
measurements— such organelles are constrained by cell borders to lie
in the focal plane. This is done in order to guarantee correct estimation
of their length from projection images to the microscope xy plane and
to eliminate the inﬂuence of the open pinhole on microscope
resolution in the axial direction.
2.2. Simulations of FRAP experiments with a virtual Laser Scanning
Microscope
Application of the Laser Scanning Microscope for performing a
FRAP experiment in a user-deﬁned region of interest (ROI) induces a
characteristic spatiotemporal pattern of laser pulses acting on a
sample during pre-bleach, bleach and recovery phases [15]. The
intensity, exact position and time of the illumination are given by the
user-chosen microscope settings (e.g. zoom factor, position and speed
of the scanner and many others, as discussed further). As a
consequence, the details and result of this action cannot be easily
encompassed with a simple closed-form expression similar to the
formulas of Soumpasis [12], they require numerical analysis. In order
to precisely reconstruct the pattern induced in amitochondrion by the
scanning laser beam, its action should be imposed in a non-regular
way chosen for a particular measurement session. We reestablish the
process of light and ﬂuorophore concentration changes via in silico
numerical simulation using parameters relevant during real-life
experiments. In this fashion, the computer simulation representing
a virtual FRAP experiment includes the parameters andworkingmode
of a particular setup in addition to the molecular mobility-related
factors. The latter are treated as either known (for a theoretical
modeling of the experiment) or unknown (during the analysis of
experimental data) variables. The construction of the algorithm is
based on the operation of a LSM 510 microscope (Carl Zeiss AG, Jena,
Germany), whichwas also used for the experimental part of the study,
but the structure of the algorithm is more general and can be easily
accommodated to other types of laser scanning microscopes. Overall,
the parameters used in the virtual microscope can be subdivided into
three groups listed in Supplementary Material (Table S1) and
described in the following sections.
2.2.1. Microscope parameters
These variables represent particular tunings of the microscope,
setting the temporal and spatial scales for the acquisition of FRAP
curves. The microscope point-spread function (PSF) determines
distribution of light intensity in the focal plane over the current
focal point and detection volume of the microscope. In Cartesian
coordinates (x,y), the point-spread functions are modeled as a 2-
dimensional Gaussian with a radial symmetry. For the illumination
beam path it is given by:








and similarly for the detection path. The full width at half maximum of
the PSFs in the focal plane axy is a function of the excitation (emission)
wavelengths of the light, the refractive index of the immersion
medium and the lens numerical aperture [26]. The total PSF for signal
Fig. 2. Peripheral region of the HeLa cell transfected with GFP-Tom7 imaged with a
Laser Scanning Microscope. ROI used for FRAP is indicated as a white rectangle. Scale
bar: 3 μm.
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and the detection (det) light paths of the microscope [27]:
PSFtot = PSFill⋅PSFdet : ð2Þ
The relevant values of axy were determined by ﬁtting Eq. (2) to
experimentally measured distributions of light by imaging of
nanoparticles.
Other microscope-related factors of the algorithm, like image or
ROI resolutions and scanning speed are also set to values
corresponding to a particular setup conﬁguration chosen for the
simulation or measurement session. Given that the object illumina-
tion occurs on a per pixel level and for each active pixel the PSF is
calculated independently, ROIs of different shapes can be easily used.
In practice, we have chosen rectangular ROIs for the purpose of this
study (Figs. 1 and 2). Since the time resolution of a scanning
microscope (i.e. frame time, corresponding to a point in the FRAP
curve) is approximately proportional to the number of lines scanned
(in the case of LSM 510), the respective dimension of the ROI was kept
as small as possible (restricted only by the accepted noise level). In the
majority of cases a few pixels (usually 4 to 7) for both horizontal and
vertical ROI dimension were sufﬁcient. The scanner was set to a
square image 256 pixels wide. A zoom factor in the range 8 to 10 (70-
50 nm/pixel with a 63x lens) was chosen. Then, the ROI corresponds
to a box size slightly above the apparent mitochondrial diameter
(Fig. 2), so that enlargement of the ROI width did not allow to capture
more light while reducing the average frame intensity (i.e. FRAP data
value). The choice of approximately equal ROI dimensions in both
directions makes scanning independent from the particular orienta-
tion of the mitochondria within the focal plane. The zoom factor
chosen was a compromise allowing for relatively quick (tens of ms)
bleaching with standard lasers (the amount of light packed into a unit
of volume scales a square of zoom factor) and avoiding bleaching during
the recovery phase, when less than 0.3% of the bleaching power is used
for illumination. With these settings no bleaching occurred during the
acquisition of the recovery curve (data not shown).
2.2.2. Spatial orientation and position of mitochondria
Under physiological conditions, mitochondria often exhibit direct-
ed movements inside the intracellular space. In order to ensure that
no such motion occurred during the FRAP measurement, two images
of the whole mitochondrion were taken immediately before and afterFig. 1. Schematic representation of the geometric pattern scanned during the Laser
Scanning Microscope operation and simulated in the virtual microscope. ROI is
positioned over the body of the mitochondrion. Scanning proceeds line by line from the
left to the right, top to bottom directions. In horizontal direction scanning is done with
full image resolution (including pixels outside the ROI), but in vertical direction only
the lines covered by the ROI are scanned (as in Zeiss LSM 510). Laser beam position
moves from pixel to pixel but the illumination is switched on in the ROI pixels only.
Delays are added to compensate for the backward (dark) motion of the scanner during
the transition between the lines and between the frames.the corresponding FRAP session. Only those recoveries were selected
for further analysis, where no change in the organelle position and
shape was detectable (~80% of all measurements). Spatial dimen-
sions, orientation and position of a mitochondrion relative to the ROI
are the parameters to which the kinetics of ﬂuorescence recovery is
sensitive when the volume available for molecular diffusion is
restricted and comparable in size to the bleached one. For each
particular measurement the position and dimensions of the mito-
chondria were determined explicitly from these whole-organelle
images (Fig. 2). In order to ensure that the membrane compartments
are contiguous over full length of the mitochondrion as it appears in
the images, long-lasting bleaching was performed at the site of FRAP
ROI as a ﬁnal step following FRAP. When this test revealed partial
contiguity, only the length affected by this control bleaching was
counted.
Before application of the algorithm exempliﬁed here to the
analysis of experimental data, it was used to determine computa-
tionally how sensitive the result is to variations in the key input
parameters. This was done by generating simulated FRAP recoveries
for varying ROI positions relative to the mitochondrial ends, duration
of the bleaching phase, length and radius of mitochondria, and other
factors (exempliﬁed in the Supplementary Text and Figs. S1 to S3). In
addition, the ﬁtting procedure was veriﬁed by its application to the
simulated curves and reproduced without distortion values of
diffusion parameters used in the simulations. Besides, the simulations
have allowed for an optimization of microscope settings chosen for
the experimental part.
2.2.3. Mobility and bleaching factors
This group of parameters includes variables affecting ﬂuorophore
concentration along the mitochondria. They are determined by the
particular diffusion model considered for the FRAP data analysis.
Different diffusion models could be constructed independently from
the values of the other two groups of parameters.
We have evaluated computationally two representations of
mitochondria: as a cylinder wall surface (2D) and as a line segment
(1D). In practical terms, we ﬁnd that with the exception of very high
numerical aperture lenses (i.e. when the PSF lateral FWHM axy is
smaller than the radius of the mitochondria Rm) for the processing of
FRAP data the 1D representation is as suitable as the 2D one
(Supplementary Text and Fig. S1). This is veriﬁed by a parallel
analysis of the control experimental data using both representations
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satisfactorily modeled as a simple cylindrical surface. The equivalence
of the 1D and 2D membrane models becomes more evident if one
recalls the limitations imposed by the optical microscopy during the
data collection process. Physically, the mitochondrial membranes are
two-dimensional surfaces. However, because of the organelle's
narrow cylindrical shape, data recorded with the optical microscopes
do not always contain information about the second dimension – this
depends on the ratio of mitochondrial radius to the applied resolution
of the microscope: When the resolution is not sufﬁcient, the
information concerning the radial dimension is lost due to blurring
(a detailed discussion of the conditions is given in the Suppl.
Material). We utilize this property by explicitly choosing the
microscope settings in this study so that the diffusivity is detected
along the axis of the organelle only, which makes the 1D model fully
appropriate. Hence, the application of the 2D model does not provide
any additional insight and does not change the obtained diffusion
coefﬁcients. Additionally, the computational tests of both representa-
tions have shown that the 1D approach is applicable also for
resolutions axybRm (higher than those used in the experiments of
this study), although a small correction factor (b10% for a typical
conﬁguration) would be necessary. Consequently, in the experimental
part of the current work the mitochondria are modeled as a line
segment of length L. Earlier, the 1D approach was used for
measurement of diffusion in mitochondrial matrix [14] and is
common in application to Escherichia coli [78–80].
Besides the reduction of effective dimensionality, the ﬁnite resolu-
tion of the experimental setup (both spatial and temporal) eliminates
other small-scale features. For this reason, the presented work (similar
to other FRAP studies) does not investigate the short-term kinetics on
the scale of a few tens of nanometers, but reports the mobility data on
the scale of the organelle length. Themembrane folding, anisotropy and
other eventual structural effects small enough to be not resolved by the
optical system are averaged out so that the diffusivity on a large scale
(several μm) is measured. The latter is crucial for the equilibration of
protein concentrationsover thewholeorganelle and is important for the
cell-wide mitochondrial physiology.
The method is sensitive to the quantitative values of actual protein
mobility in mitochondrial membranes of living cells, rather than to
ﬂuidity of the membranes. This distinction should be kept in mind,
because besides the ﬂuidity, themobilitymay be inﬂuenced by several
other factors, among which are the speciﬁc protein interactions and
the membrane ultrastructure. Consequently, we do not mention
ﬂuidity and do not discuss idealized membranes in the manuscript.
The dynamics of molecular concentrations c(x,t) in a point x along
the mitochondrion at time t is governed by the classical diffusion-
reaction equation modiﬁed to account for a ﬁnite extent of the






in conjunction with appropriate boundary conditions. Here, D is the
diffusion coefﬁcient and bleaching is modeled as a ﬁrst order process
with the rate constant k. For iteration steps outside of the bleached
pixels, k is put equal to 0, and the ﬂuorophore concentration alters due
to diffusion alone. Eq. (3) is solved using the Crank-Nicolson scheme
with von Neumann conditions at the mitochondrial ends. As the
currently illuminated pixel moves during the scanning process, the
position of the microscope PSF relative to the mitochondrion changes
accordingly (Fig. 1). At each iteration during the integration of the
diffusion equation, if the current pixel belongs to the observation ROI,
the ﬂuorophore concentration map is convolved with the microscope
PSF (Eq. (2)) revealing the light signal to be summed up over the
frame acquisition time, thus producing a data point on the FRAP
recovery curve. When the scanning occurs outside of the ROI, theobject is not illuminated, hence at these moments the concentration
map does not inﬂuence the FRAP curve.
It is possible to have more than one molecular species labeled,
although multi-component diffusion exhibits higher sensitivity to the
signal to noise ratio and is therefore more difﬁcult to quantify [28]. In
the double-component case, a pair of equations similar to Eq. (3) is
solved for the concentrations c1=r and c2=1 – r. This involves two
diffusion coefﬁcients D1 and D2 instead of D in Eq. (3) and introduces
an additional parameter r quantifying relative abundance of the
components (normalized to 1). Because in the experiments presented
here the fractions belonging to the same protein species are labeled
and imaged the same way, their photophysical properties inﬂuencing
k and PSF are assumed as being equal. When D2 is constrained to stay
equal to 0, a model for single-component normal diffusion with an
immobile fraction is obtained. Then, the concentration of the
immobile fraction is allowed to change with bleaching only.
Independently of whether the second component is mobile or not,
the resulting FRAP curve is a simple sum of the intensity recoveries
corresponding to each of the components.
Normal diffusion is characterized by a constant diffusion coefﬁ-
cient D. If D is assumed to be a function of time t, the process is called
anomalous diffusion. One of the simplest ways to introduce the
dependence of the diffusivity on time is by substituting the diffusion
constant of Eq. (3) with a power function D(t)=Λtα-1, where the new
parameters Λ and α are constants in t. This approach referred to as
Fractional Brownian Motion is considered to be a possible alternative
[23,41] to the normal diffusion models discussed above. For α=1 the
model reduces to the normal scenario D=Λ=const.
The ﬁtting procedure is based on the Levenberg-Marquardt
method as implemented in the MINPACK set [29]. Data were ﬁtted
without imposing constrains on the parameter values except the case
of D2 discussed above. The residues were calculated as weighted
differences between data and ﬁt points. In order to account for a
Poisson distribution of noise in the low light intensity FRAP data, the
weighting factors were taken equal to (intensity)-1/2 [30].
2.3. Cell culture and transfection
HeLa cells were kept in Minimum Essential Medium (Gibco),
supplied with 1 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 1% Non-essential Amino Acids (Gibco) and 10% FCS. CEF
(chicken embryonic ﬁbroblasts) cells were cultured in 89% IMDM
medium (Gibco), 5% FCS (Gibco), 5% chicken serum, 1% Pen./Strep.
solution. The GFP-Tom7 vector was a gift from Michael Ryan (Dep. of
Biochemistry, La Trobe University, Australia) and was used without
modiﬁcations. F1F0 ATP synthase was labeled at the γ-subunit by C-
terminal fusion to EGFP. Cox8a subunit was tagged with mCherry on
the C-terminus. hFis1 and Tom7were labeled N-terminally with EGFP.
Cells were transiently transfected using Effectene (Qiagen) on 3.5 cm
Petri dishes according to the manufacturer's instructions. Experi-
ments were performed 24 h after transfection. Only cells with
moderate GFP-hFis expression and unaffected mitochondrial mor-
phology were chosen in order to avoid fragmentation-induced
artifacts. Fixation was done with 4% paraformaldehyde solution for
30 min. Cytoplasmic protein synthesis was blocked by incubation of
cultures with medium containing 5 μM cycloheximide for 1 h;
immediately before the FRAP experiments cycloheximide was
removed by a rinsing step and replacement of the medium with
cycloheximide-free medium.
2.4. Electrophoresis and in-gel ﬂuorescence detection
1-D BNE (blue native electrophoresis), and 2-D SDS-PAGE was
performed as described using digitonin for solubilization of sedimen-
ted cells [74,75]. Brieﬂy, sedimented cells (HeLa cells and embryonic
chicken ﬁbroblasts) were homogenized in diluted sucrose buffer
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driven, tightly ﬁtting 2 ml glass/Teﬂon Potter-Elvehjem homogenizer.
Aliquots corresponding to 20 mg of cells were centrifuged for 10 min
at 20,000 g to obtain sediments containing nuclei, mitochondria and
larger cell fragments. Pellets were solubilized in 35 μl solubilization
buffer (50 mM NaCl, 2 mM 6-aminohexanoic acid, 1 mM EDTA,
50 mM imidazole/HCl, pH 7.0) and 10 μl 20% digitonin. Following
20 min centrifugation at 20,000×g, the supernatant was supplemen-
ted with 2.5 μl of a 5% Coomassie blue G-250 suspension in 500 mM 6-
aminohexanoic acid. 20 μl of each sample, corresponding to 10 mg cell
sediments, was applied to the gel wells (0.15×0.5 cm). Following
BNE, gel strips were placed on a glass plate, wetted with 1% SDS for
10 min, and a Tricine–SDS-gel was cast for second dimension. 2-D
SDS-gels were scanned using a Typhoon scanner (GE Healthcare) to
detect ﬂuorescence of RFP (exitation 533 nm, emission ﬁlter 580 nm)
and of mCherry (exitation 533 nm, emission ﬁlter 610 nm). The same
gel was silver-stained [76].
3. Results and discussion
For the role of membrane mobility probes, four representative FP-
fusion mitochondrial protein constructs with different localizations
have been selected: Two outer membrane proteins (GFP-Tom7 and
GFP-hFis1) and two inner membrane proteins, F1F0 ATP synthase
labeled at the γ-subunit with GFP and cytochrome c oxidase (COX) C-
terminally tagged at the subunit Cox8a with mCherry FP. Tom7, hFis1
and ATP synthase were expressed in HeLa cells, COX was studied in
Chicken Embryo Fibroblasts (CEF). Tom7 is a component of the outer
membrane translocase (TOM) complex. GFP-Tom7 construct utilized
in the current study is identical to the one used in [31]. Its localization to
the outer mitochondrial membrane and correct assembly as a com-
ponent of TOM complex was demonstrated in detail in Ref. 31.
Positioning of this protein construct to the outer membrane is shown
in [3] using two-color ﬂuorescent microscopy; Fig. 2 illustrates its
positioning to mitochondria during FRAP experiments. hFis1 is a
constituent of the mitochondrial ﬁssion machinery located in the
outer membrane [32]. Expression of GFP-hFis1 construct leads to its
correct partitioning to the outer mitochondrial membrane (Supple-
mentary Material Fig. S4). Earlier Western blot analysis of the protein
construct revealed its insertion into the membrane as a monomer [3],
consistent with independent data [77]. When highly overexpressed,
GFP-hFis1 promotes fragmentation of themitochondrial network (data
not shown), as expected [32]. In order to preserve native ﬁlamentousFig. 3. Assembly of ﬂuorescence fusion proteins into mitochondrial complexes in chicken em
mCherry ﬂuorescence was preserved after SDS-PAGE at room temperature and is shown in p
positions of the fusion proteins were marked (dashed lines). (A) Cox8a-Cherry was detected
or detected as individual fusion protein. (B) γ-RFP was detected in holo complex V, in F1 subc
V or ATP synthase; III, complex III or cytochrome c reductase; IV, complex IV or cytochro
complexes I, III, and IV.geometry of mitochondria required by the FRAP protocol, the strong
overexpression was avoided. F1F0 ATPase (Complex V) and COX
(Complex IV) are parts ofmitochondrial respiratory chain and oxidative
phosphorylation apparatus respectively. Assembly of fusion constructs
of Cox8a-MCherry and γF1F0ATPase-RFP into mitochondrial complexes
was tested using 2D BN/SDS-PAGE (Fig. 3). In these controls, the same
vector preparation and cell transfection protocols as for FRAP experi-
ments were applied. Cox8a-MCherry was detected predominantly in
Complex IV, and smaller amountswereassembled in supercomplexesor
detected as individual fusion protein. γ-RFP was detected in holo
Complex V, in F1 subcomplexes, and at the gel front together with
degradation products of γ-RFP. For both proteins this is in agreement
with the expected localization of native proteins.
For all four protein constructs, control photobleaching experi-
ments were performed on samples after paraformaldehyde ﬁxation.
In these mitochondria no recovery occurred after bleaching on the
time scale used for the diffusion measurements (data not shown). We
interpret this as evidence that the recorded ﬂuorescence recoveries
result from diffusion into the bleached area and are not due to
reversible ﬂuorophore destruction.
In order to verify the correctness of computational procedure used
for experimental data processing, the analysis was performed on data
generated by independent Monte Carlo modeling of particle diffusion
in surfaces geometrically similar to the membranes of mitochondria.
The algorithm applied for the Monte Carlo simulations was described
in details in [42]. Accuracy of the proposed method was conﬁrmed by
its ability to reproduce the parameters of the Monte Carlo model for
all the tested conﬁgurations (data not shown).
3.1. Single component without and with immobile fraction
Typical FRAP patterns recorded with the four proteins are
exempliﬁed in Fig. 4 (grey lines). The recoveries demonstrate that
under physiological conditions each of the two membranes form a
connected space available for protein relocations along the mito-
chondrion. Diffusion of proteins representing inner membrane is
notably slower than that of Tom7 or hFis1 in the outer membrane
(Table 1). In addition, the assumption of a single-component diffusion
with 100% mobile particles proved to be inadequate for all four
investigated proteins (blue lines in Fig. 4; see also themean residues in
the upper row of Table 1), indicating a more complex mobility
pattern. Indeed, introduction of a fraction of immobile molecules has
remarkably improved the quality of data ﬁts, as is manifested by thebryonic ﬁbroblasts (A) and Hela cells (B) was tested using 2D BN/SDS-PAGE. RFP and
seudo colours (lower panels). The same gels were silver-stained (upper panels) and the
predominantly in complex IV, and smaller amounts were assembled in supercomplexes
omplexes, and at the gel front together with degradation products of γ-RFP. V, complex
me c oxidase; II, complex II; Sx, Sy, S, supercomplexes composed of respiratory chain
Fig. 4. Representative FRAP recoveries (grey) for Tom7 (A), hFis1 (B), COX (C) and F1F0 ATPase (D) ﬁtted according to different diffusion models: single component (blue), single-
component diffusion with immobile fraction (green), dual-component (red). The contributions of particular fractions are shown as dashed lines and the total intensity as solid lines.
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theoretical recovery curves to the experimental data (solid green
lines in Fig. 4).
For all mobility models considered in this study, the distributions of
diffusion coefﬁcients D clearly deviate from the Gaussian law andTable 1
Mobility of membrane proteins in mitochondria of living cells⁎.
⁎Number of measurements n.
Cytochr. c oxidase n=21.
F1F0 ATPase, Tom7 n=15.
hFis1 n=24.
Diffusion coefﬁcients are geometric means, other parameters are arithmetic means.
Conﬁdence intervals of D (shown in parentheses) reﬂect the logarithmic scaling of the logno
and standard deviation of the logarithm [37,38].
Results of the less favorable diffusivity models are grayed; when the average residues are ecorrespond well to a lognormal function. This is illustrated with the
histograms of D determined according to the model of single-
component diffusion with immobile fraction in Fig. 5 (bars). The
broad lognormal dependence is not speciﬁc to mitochondria or FRAP
and corresponds well to previous measurements of the diffusionrmal distribution they are determined by natural logarithm of the diffusion coefﬁcient
qual, the less complex model is preferable.
Fig. 5. Distribution of diffusion coefﬁcients (bars) obtained on application of the single-component model with immobile fraction for Tom7 (A), hFis1 (B), COX (C) and F1F0 ATPase
(D) is compared to lognormal (solid lines) and Gaussian functions (dashed lines). Geometric mean of the diffusion coefﬁcients (Table 1 and short vertical lines at the top) correspond to
median of the lognormal distribution. Since the lognormal distribution is skewed, its median and the mean are different from its mode (position of the peak).
2028 V.M. Sukhorukov et al. / Biochimica et Biophysica Acta 1798 (2010) 2022–2032coefﬁcient using various methods [4,21,33,34]. It reﬂects the mathe-
matical analogy betweenD and other rate constants and is reproducible
also in Monte Carlo simulations [35,36]. The expected value of
lognormally distributed random variables is not related to their
arithmetic average but depends on a geometric average (equal to the
median) and geometric standard deviation [37,38]. Consequently, the
geometric average is used here as a measure of the diffusion coefﬁcient
and conﬁdence intervals are calculated basedon the geometric standard
deviation (Table 1 and Fig. 5, solid blue lines at the top).3.2. Dual-component and anomalous diffusion
Despite the good conformance of the depiction involving immobile
fraction, which makes it well suitable as the ﬁrst approximation, the
possibility of more complex processes should not be ignored. One of
them could be anomalous diffusion detectable as dependence of the
apparent diffusion coefﬁcient on the observation time scale. Unfortu-
nately, the theoretical framework for FRAP analysis with this approach
has been developed for very simple conﬁgurations only and is not
applicable to scanning conditions [39]. In addition, the molecular
mechanisms underlying a putative anomaly are not instantly recogniz-
able, leaving its interpretation open for speculation [40,41]. In biological
systems the anomalousmode often exists for a restricted range of high-resolution temporal scales (up to a fewms) and is converted to normal
diffusion upon exceeding this range [42–44].
An alternative is a dual-component model involving two indepen-
dent fractions diffusing normally with different rates. Contrary to the
anomalous diffusion, the double-component scheme has a very clear
physical meaning [17]. From the biological point of view, the two
fractions may, for example, correspond to proteins in monomeric state
and those participating in supramolecular conglomerates. In this
scenario, although the ratio of ﬂuorescence intensities contributed by
each of the components remains constant over the time of recovery, the
initial part of the curve is dominantly shaped by the faster diffusing
fraction, while later on recovery due to the slower fraction is prevailing
(red lines in Fig. 4). The whole pool of particles would then produce a
FRAP curve which appear as having a time-dependant recovery rate if
only one component is assumed. Although the dual-component
scenario is more sensitive to the signal to noise ratio [28], this model
has further improved the ﬁts for both inner membrane proteins (F1F0
ATPase and COX) but not for the outer membrane proteins (residues in
the last row of Table 1 and the exemplary recoveries in Fig. 4). A
possibility of the higher complexity of the inner membrane system (a
mixture of several components) cannot be ruled out. The number of
resolvable fractions is limited by the level of noise in experimental data.
Additionally, the FRAP recoveries for all four proteins were analyzed
using the Fractional Brownian Motion model of anomalous diffusion.
Fig. 6. Comparison of protein diffusion parameters determined in Giant Unilamellar
Vesicles (GUV, from [9]: average of MscL-Alexa and LacS-Alexa in DOPC/DOPS 3:1),
outer (OM) and inner (IM) membranes of mitochondria (current study) and cellular
plasma membrane (from [5]: average of GFP-AQP1 and GFP-AQP2 at 37 °C). Diffusion
coefﬁcients (A) calculated by application of the normal diffusion model with immobile
fraction and the corresponding percentages (B) of the immobile particles. In order to
make comparison with literature data possible, the single-component model was
chosen also for the IM proteins, and the diffusion coefﬁcients of mitochondrial proteins
(Table 1) were recalculated using arithmetic averaging. Because of the time-dependent
diffusivity of COX, only the F1F0 ATPase diffusion coefﬁcient is included as an IM
representative.
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than that produced with the simplest model of normal diffusion (single
component without immobile fraction), but in comparison to the other
normal diffusion models the Fractional Brownian Motion has failed to
bring in further improvement.Moreover, the control tests have revealed
that the values of parameters obtained with this model may be
dependent on the duration of the analyzed recovery (data not shown)
which renders the model technically unsuitable. As a consequence, in
the following discussionwe utilize the paradigmof the normal diffusion
and make use of the clear physical interpretation it offers.
Taken together, the above results identify substantial diversity in
mobility characteristics of the four mitochondrial proteins, while also
revealing a clear dissimilarity between the outer and inner mem-
branes. This raises a question concerning factors determining the
molecular diffusivities in this organelle. In our opinion, the overall
effect can be explained only if a combination of both protein-speciﬁc
and membrane-speciﬁc features is considered.
3.3. A distinct diffusion regime characterizes protein mobility in
membranes of mitochondria
Although the diffusion coefﬁcients discussed above were investi-
gated in the axial direction only, space available for molecular
diffusion inside the mitochondrial membranes is 2-dimensional,
similarly to any other membrane. What geometrically distinguishes
the membranes of these organelles from the majority of other studied
membranes is their elongated shape, raising the possibility of
diffusional anisotropy (dependence of the diffusivity on the direction
inside the membrane). In mitochondria, tangential (encircling the
mitochondrial body) and axial diffusivities can be discriminated,
based on the geometrical symmetry considerations. Because diffusion
in the tangential direction was not yet investigated, it is not clear if it
is different from the axial diffusion discussed in this paper. To our best
knowledge, the electron microscopy or other studies do not provide
evidence for compositional anisotropy of mitochondrial outer or inner
boundary membranes. However, the biological meaning of tangential
diffusivity is different from that of axial one: Because by deﬁnition
distribution of proteins over the cellular mitochondrial reticulum
depends on the protein mobility along the organelle, the axial com-
ponent alone is relevant for the chondriome-wide spread of mem-
brane constituents. While the issue of anisotropy may be not so
signiﬁcant for other membrane types (for example the plasma
membrane or giant unilamellar vesicles), their diffusion properties
carry information about the speed of passive protein mobility and
hence are directly comparable.
When diffusion coefﬁcients of mitochondrial proteins are judged
against the typical values of Dmeasured in artiﬁcial bilayers or within
plasma membranes, the dissimilarity of both environments to
mitochondria becomes evident (Fig. 6A). Diffusivity in membranes
of this organelle is about an order of magnitude slower than that in
liposomes [9] while still being up to several-fold quicker than in
plasma membranes when measured at a comparable time scale [5].
Equally pronounced are the differences in proportions of the
(apparent) low-mobility fraction (Fig. 6B).
The key factor reducing D in the plasmamembrane is believed to be
the corralling by immobile transmembrane proteins, directly anchored
to the underlying cytoskeleton [45] (an alternative view is presented in
[73]). Such proteins would form a mesh of semi-permeable rows of
pickets positioned along the ﬁlaments of the underlying actin cortex.
Thus, the whole membrane is partitioned into compartments of tens to
hundreds nanometers in size. Using high-speed cameras it was shown
that the diffusion rate inside the compartments is indeed comparable to
that in puriﬁed membranes [25]. The mitochondrial outer membrane
also contains cytoskeleton-anchored proteins, responsible for organelle
localization and high motility inside the cell. However, orientation and
motion of the mitochondria are directed mainly along the tracks ofmicrotubules [46,47], suggesting that the anchoringproteins are aligned
along the mitochondrial axis rather than randomly encircling the outer
surface. Such a positioningwould not signiﬁcantly inﬂuence diffusion in
the axial direction. On the other hand, the protein per lipid ratio of the
outermembrane ismuchhigher than thatof theplasmamembrane [48].
A slowdown of molecular mobility in a crowded environment, where
proteins are highly concentrated is conﬁrmed experimentally and in
silico [20,22]. The reduction in diffusivity arises from the fact that for any
particle, all other particles in the ‘crowd’ act asmobile obstacles. A rough
estimation based on Monte Carlo simulations implies that covering
~66% of the total membrane area by mobile protein particles would
sufﬁce to explain the ~10-fold reduction of D detected in the OM [20].
3.4. Outer membrane proteins display similar diffusivities
3.4.1. Tom7
Tom7 is a regulative protein anchored to the outer membrane
(OM) with a single transmembrane domain at its C-terminus [31]. It
functions as a component of the preprotein translocase of the outer
membrane (TOM) complex. 7% of GFP-Tom7 was estimated to be
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immobile fraction cannot be ignored since the single-component
diffusionmodel did not ﬁt the recovery data satisfactorily (as based on
the visual inspection and values of average residues, Table 1). Because
the protein was overexpressed, the GFP-Tom7 subunit will be
abundant in comparison to its endogenous interaction partners.
Thus a considerable fraction of unbound Tom7 ﬂoating in the
membrane can be expected.
In Saccharomyces cerevisiae, Tom7 forms two distinct complexes in
the OM: besides TOM, which is a general entry gate for the imported
mitochondrial preproteins [49], a small amount of Tom7 was found in
association with Mdm10, a protein, previously reported to participate
in a Mitochondrial Distribution and Morphology complex [50,51].
Several studies indicated that components of the latter complex take
part in a much bigger structure forming OM-IM contact sites and are
connected to mtDNA nucleoids on the matrix side and to actin ﬁbers
on the cytosolic side [51–54]. Interestingly, binding of Tom7 to
Mdm10 decreases the rate of TOM formation, thus reducing the
mitochondrial capacity for protein import [50,55,56].
The diffusion data may be considered as an indication for the
involvement of the TOM subunit in structural elements also in
mammalian mitochondria: A certain fraction of Tom7 could be
expected to remain immobilized when bound to a mammalian analog
of Miochondrial Distribution and Morphology Complex. On the other
hand, the proposed interconnection of mitochondrial morphology
and import machineries [57] would imply that disruption of protein
import should change the balance of mobile and immobile compo-
nents of Tom7. This hypothesis was tested by blocking cellular
production of new proteins with cycloheximide. After 1 h of
cycloheximide treatment no more import of proteins into mitochon-
dria should take place. Because both morphology and ﬂuorescence of
mitochondria were not altered, this treatment did not change
signiﬁcantly the steady-state protein concentration in the OM, but
was sufﬁcient to release the import machinery from its cargo. This
resulted in an essential decrease (t-test: p=0.008) of the immobile
fraction of GFP-Tom7 to 2% – a considerable shift in mobility pattern
without a statistically signiﬁcant change of the mobile component
diffusion coefﬁcient. The increase in mobile Tom7 fraction may be
caused by its dissociation from Mdm10, indicating the existence of a
yet unidentiﬁed self-regulative mechanism promoting assembly of
new TOM complexes under the conditions of import deﬁcit.
3.4.2. hFis1
hFis1 is an outer membrane receptor anchoring the apparatus
performing OM scission during the mitochondrial division [32].
Similar to the case of Tom7 discussed above, an application of the
model involving an immobile fraction (7%) is necessary and results in
a very good conformance to the data (Table 1). Although the direct
ligand of hFis1 in mammalian mitochondria has not been identiﬁed
yet, current models of mitochondrial ﬁssion leave no doubt that the
interaction of hFis1 with other ﬁssion machinery components on the
outer OM surface is a necessary step in the formation of Drp1-con-
taining aggregations able to encircle the whole organelle at scission
sites [58]. In favorable circumstances, completion of the polymerized
ﬁssion circles around the mitochondrial perimeter may lead to their
constriction andmechanical separation of the daughter mitochondria,
while in other cases the buildup of such a structure is interrupted and
reversed [59]. The detection of an immobile hFis1 supports this view,
as it implies the participation of a minor protein fraction in the
polymerized and relatively stable membrane patches.
Diffusion rate of the free hFis1 component (0.6 μm2/s) was
determined to be close to that of Tom7. This is not surprising in the
view of single transmembrane domain of both proteins [31,32] and
their comparable masses (17 kDa for hFis1 and 6 kDa for Tom7). The
similarity of the diffusion coefﬁcients for both OM proteins argues for
the correctness of the measured values and conﬁrms the propositionthat crowding may be a major factor determining apparent mem-
brane viscosity and the related slowdown in long-term diffusion of
free OM constituents.
3.5. Diffusion in the inner membrane results from a combination of
several independent factors
3.5.1. F1F0 ATP synthase
The FRAP recovery of the labeled F1F0 ATP synthase corresponds best
to a composition of two mobile components diffusing with D1=
0.4 μm2/s (fast fraction: 57±12% of the protein) andD2=5·10-4 μm2/s
(complementary slow fraction). A slightly worse but comparable ﬁt is
achieved for a single mobile component (60±12%) with a diffusion
coefﬁcient 0.1 μm2/s and (Table 1). This is not surprising in view of the
extremely small D2 revealed by the dual-component model. Earlier
studies have established preferential (although not exclusive) localiza-
tion of F1F0 ATPase to the cristae part of the innermembrane [60],where
it may transiently oligomerize to form 2-dimensional crystal-like islets
[61,62]. The high fraction of slowly moving (or virtually immobile)
molecules detectedhere supports this view, as on the time scale of FRAP,
cristae-localized F1F0 ATPase may appear essentially immobilized,
although the weak exchange of protein content between cristae and
the inner boundary membrane (the part of inner membrane not
including cristae) is also noticeable.
3.5.2. Cytochrome c oxidase
When the single mobile component model assuming the presence
of an immobile fraction is applied to the COX FRAP data, diffusion
coefﬁcient was found to be (weakly) dependent on the duration of
recorded recovery, unlike the case of other proteins studied here (data
not shown). This time-dependence is removed and a better
conformance to the experiment is achieved when two mobile
fractions are considered. Within the latter scheme, the quicker and
the slower components are found to diffuse with the rates
D1=0.3 μm2/s (fast fraction: 53±19%) and D2=0.007 μm2/s (com-
plementary slow fraction). Here, D1 is close to that of ATPase, while
the higher diffusion coefﬁcient of the COX slow component indicates a
considerably smaller molecular weight of supercomplexes incorpo-
rating COX. The latter result is consistent with data obtained using
alternative techniques [63–65]. Notably, the partitioning ratio of the
Complex IV components is close to that of the ATP Synthase.
3.5.3. Potential causes of the slow mobility in the IM
Unlike the case of the outer membrane, both IM proteins can be
differentiated into two fractions moving independently of each other
(on the time scale of the measurements). Besides, even the fast
components of the oxidative phosphorylation Complexes IV and V
display diffusion coefﬁcients about twice as low as those of any of the
OM proteins, while D of the slow components are orders of magnitude
smaller. At least four independent factors responsible for the diffusion
slowdown and high proportion of the slow fraction in the IM are
speciﬁed by the structure and chemical composition of the inner
membrane:
1. Both IMproteins studied here represent large complexes about 10 nm
in diameter and with molecular weight of hundreds of kilodaltons. In
addition, the complexes may dimerize or aggregate, thus forming
even larger supercomplexes [66]. For example, in biochemical studies
of Complex IV, the spatial conﬁguration involving this protein in
bovine heart mitochondria was found to be a supercomplex I1III2IV1
which includes also a Complex I and adimer of Complex III [63,64] and
laterally extends within the membrane over more than 20 nm.
Conceivably, cristae junctions (~27-28 nm in diameter) [67] connect-
ing cristae to the inner boundarymembranemay present a signiﬁcant
barrier for such aggregates, thus slowing down their diffusion along
themitochondrion. On the other hand, Complex IV particles relatively
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dynamically hobbles between dimeric state and higher order
oligomers [61,65]. The vanishingly small mobility of the ATPase
slow component detected by FRAP may be interpreted as a
conﬁrmation of existence of the superstructures in vivo and is in
accordance with a large fraction of immobile molecules found in
isolated liver mitoplasts [68].
2. Junctions connecting cristae to the inner boundary membrane are
forming a ‘neck’-like structure, which may act as semi-permeable
barriers restricting the motion between these subcompartments of
the inner membrane [69–71]. Recent computer simulations [42]
elucidating the effect of such inﬂuence show that the impaired
permeability of cristae junctions may contribute to the slowdown
of apparent diffusivity.
3. For highly folded membranes like the IM, the non-planar geometry
itself is able to generate a slowdown in molecular mobility:
particles are delayed because when ‘submerged’ in cristae they
look temporarily immobilized, which reduces the apparent
diffusion coefﬁcient in the direction along the axis of the organelle.
The detailed study of this phenomenon usingMonte Carlomethods
[42] has found that the reduction in D can be approximated by the
ratio of the total membrane surface to the surface of the inner
boundarymembrane, i.e. it is determined by the size and density of
cristae. The geometry-induced diffusion slowdown can achieve a
factor of 6 for some cristae-richmitochondria. The reduction due to
the relatively sparse cristae typical for HeLa cells is expected to be
in the range of 1.5 to 2.5.
4. In the inner mitochondrial membrane, which has the highest
protein to lipid ratio (~75:25) known among biological mem-
branes [72], crowding should be expected to play a decisive role,
even more pronounced than in the OM. Both Monte Carlo
simulations and analytical modeling [20] estimate, that a 70%
membrane area fraction of mobile obstacles reduces diffusion
coefﬁcients 15-20 - fold when all particles in the ‘crowd’ have
comparable mobility. However, it is not known, how the effect of
crowding would be modulated under the inﬂuence of factors
mentioned in points 1 and 2 as its relativeweight in such a complex
environment is difﬁcult to estimate.
It seems conceivable, that dynamics in a membrane with so
profound dissimilarity in comparison to more extensively studied
cellular membranes like the plasma membrane would require a
radically different approach to its explanation. The resemblance of
diffusivities obtained for the two IM proteins could be regarded as a
conﬁrmation for the general importance of the IM-speciﬁc aspects just
mentioned.
4. Conclusion
Mobility of mitochondrial membrane proteins remained enigmatic
because of the nontrivial geometry, small size and positional
instability of the organelle – factors restricting the applicability of
well established experimental methods. Therefore we extended the
conventional FRAP methodology to the determination of conﬁned
diffusivity and communicate for the ﬁrst time the direct measurement
of protein diffusion in mitochondrial membranes of living cells. This is
achieved through the adaptation of FRAP data analysis accounting for
the spatial dimensions of the organelle and the spatiotemporal
pattern of light pulses generated by the scanning microscope.
Computational representation of the conditions existing during the
particular measurement session allows for ﬁnding the diffusion
parameters ﬁtting best the experimental data.
This new technique have enabled the detection of protein super-
complexes distinct frommolecules diffusing outside such arrangements
and pinpointed structural differences between the outer and inner
mitochondrialmembranes. Thequantiﬁcationof proteinmobility in vivoopens the prospective for a detailed study of the inﬂuence of mito-
chondrial membrane environment on the key characteristics of this
organelle such as generation of electrochemical potential gradient or
reactive oxygen species.
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